ABSTRACT Gall-inducing insects require close phenological synchrony with their host plants. It has been hypothesized, but seldom shown, that this is because, to induce galls the insects require physiologically active plant tissue, which exists only during a limited stage of plant development, forming a phenological window for gall induction. We examined this hypothesis in the system of a shrub, Aucuba japonica Thunberg, and its specialist fruit gall midge Asphondylia aucubae Yukawa et Ohsaki. Female midges lay eggs into young host fruit and stimulate the integument, a reactive tissue in the fruit, to induce galls. Our results showed that the lifetime of the integument deÞnes the end point of the phenological window. The integument was rapidly degenerated as fruit matured, and eventually disappeared. The degeneration of the integument began simultaneously with the adult emergence season of the midge, and was greatly accelerated in the latter half of the adult midge season, forming an apparent end point of the window. We experimentally caged host infructescences to keep them free from midge oviposition, and released one Þeld collected ovipositing female into each cage. When the treatment was performed before the end point of the window, gall induction success of the midge was much higher. The integument, however, does not deÞne the start point of the window because gall induction success was not lower when the midge was released very early in the adult emergence season. We suggest that the start point is deÞned by another factor, likely the hard endocarp of the fruit. 
Natural selection and ecological constraints that have realized the phenological window, however, have not been deÞned in most plant-herbivore systems, except for some lepidopteran species feeding on young leaves, in which a short transient period from leaf ßushing to acquisition of mature-leaf defense (toughness, tannins, and so on) constitutes the window (Aide 1988 , 1992 , 1993 , Aide and Londoñ o 1989 , Quiring 1992 , Coley and Barone 1996 , Kursar and Coley 2003 .
The phenological windows clearly exist in systems involving galling insects. These insects require host organs at a certain phenological stage to attain optimum reproductive Þtness and show preference for such organs (Burstein and Wool 1993 , Komatsu and Akimoto 1995 , Ngakan and Yukawa 1997 , Yukawa 2000 . Therefore, it has been hypothesized that galling insects require physiologically active plant tissue to induce gall formation (reactive plant tissue, sensu Weis et al. 1988) , which may exist only during a limited stage of plant development (Weis et al. 1988 , Yukawa 2000 . In previous studies on phenological windows, however, it has not been speciÞed which tissue is reactive to gall induction stimuli, whether the tissue is temporary, and how it forms the phenological window.
Asphondylia aucubae Yukawa et Ohsaki (Diptera, Cecidomyiidae) is a specialist univoltine midge that induces fruit galls on a dioecious shrub Aucuba japonica Thunberg (Aucubaceae; Yukawa and Ohsaki 1988a , b, Ohsaki and Yukawa 1990 , Abe 2001 ). This species is considered an important insect herbivore of A. japonica because of its abundance and destructive method of herbivory (inhibition of seed production through gall induction, Imai and Ohsaki 2004a) . Yukawa (2000) pointed out that the emergence of this midge occurs within a very short period compared with the long persistence of the host fruit. One possible cause of this discrepancy is the presence of a phenological window, outside of which the midge cannot successfully attack the host fruit.
Imai and Ohsaki (2004a) speciÞed the reactive plant tissue for gall induction by this midge. In the emergence season of the adult midges, each young host fruit contains a small embryo sac wrapped in thick integument tissue (Imai and Ohsaki 2004a) . The integument in turn is enveloped by the carpel, the innermost layer of which is the hard endocarp (Fig. 1a) . Female midges repeatedly insert their chitinous aciculate ovipositors and lay eggs in the thin cavity between the integument and the carpel. Then, larval chambers form in the space formerly occupied by the integument (Fig. 1b) and are constructed from the integument and some carpel cells. In this case, the embryo sac usually degenerates and seed production is impossible. If the young fruit remains intact, the embryo sac increases in volume relative to the ovule, Þnally replacing the integument completely in mature fruit (Imai and Ohsaki 2004a; Fig. 1c) .
Here, we attempted to address the presence of a phenological window in A. aucubae and its host plant system and reveal the role of the integument as reactive plant tissue in deÞning the start and end points of the phenological window. We tested the working hypothesis that the integument does not react to gall induction stimuli until a certain developmental stage of the host fruit (start point) and disappears after another developmental stage (end point), thus allowing gall induction only during a short transient period. Our hypothesis was supported by data with regard to the end point but was abandoned with regard to the start point. We discuss what determines the start point of the window, based on our current and previous results.
Materials and Methods
Study Site. The study was conducted in a forested botanical garden of the Graduate School of Science, Kyoto University, central Japan. The botanical garden (Ϸ1.5 ha) is located in urban Kyoto (35Њ2Ј N, 135Њ47Ј E; 60 m elevation) and consists mainly of trees in the families Fagaceae and Ulmaceae, with a rich understory. Several hundred female and a comparable number of male shrubs of A. japonica grow in the garden. Twenty-seven and three female shrubs (1.5Ð3.0 m in height) were haphazardly chosen for our investigations in 1999 and 2005, respectively.
Phenology of the Host and Midge and Their Synchrony. Phenology of the host and midge and their synchrony were studied in detail in 1999 in two female shrubs (hereafter, the Þne-scale study), and in 25 female shrubs (hereafter, the large-scale study). To study midge phenology, 10 (Þne-scale study) and 15 (large-scale study) previous-year infructescences bearing galls were randomly chosen from each shrub. These infructescences bore a total of 60 (Þne-scale study) and 1,463 (large-scale study) galls. Adult emergence from these galls was recorded in the Þeld every day between 15 May and 3 August. Numbers of emerged adults were determined by counting emergence holes made by the midges on the gall surfaces.
To study the phenology of intact fruit, 20 infructescences with young fruit were randomly chosen from each study shrub. In the Þne-scale study, two of the 20 infructescences were sampled about every 10 d from 20 April to 20 July, and all fruit on the sampled infructescences were dissected. In the large-scale study, Þve of the infructescences were randomly sampled on 11 May, 9 June, 21 June, and 30 June, from which 15 young fruit were randomly sampled for dissection. In both studies, just before the adult midge season commenced (on 20 May), all remaining experimental infructescences were covered with 15 by 20-cm bags of nylon gauze to prevent midge access. The bags were tied with twist ties around the stem just below the infructescence.
To quantify the development of the embryo sac and degeneration of the integument, the sampled fruit were dissected along the major axis of the fruit and in a constant direction using a surgical scalpel under a binocular microscope (ϫ20 magniÞcation). The length and width of the ovule (integument and embryo sac) and embryo sac were measured to the nearest 0.05 mm using an ocular micrometer. The ratio of the ovule and embryo sac volumes was calculated (volumes were approximated as the length times the squared width) as an indicator of embryo sac development. This indicator of embryo sac development was arcsine transformed to calculate the mean for day ϫ shrub combinations, but back-transformed for illustrative purposes.
Effect of Oviposition Timing on Gall Induction. The effect of the timing of oviposition on gall induction success was examined in 2005 by releasing adult midges to infructescences bearing young fruit at different times within the adult midge emergence season. We randomly chose infructescences from three female shrubs on 21 May, just before the adult midge season began in 2005. The number of young fruit on these infructescences was similar within each shrub (SD, shrub A, 2.1; shrub B, 1.2; shrub C, 1.3). Each study infructescence was covered with plastic mesh bags (185 by 250 mm) with a wire frame. The bag was tied to the basal part of the study infructescence with twist ties to prohibit oviposition by naturally occurring female midges. Adult emergence from the experimental shrubs was studied; a total of 252 galls were observed daily from 23 May to 9 July on 16 Ð20 infructescences randomly chosen.
On different days during the adult midge season, we removed the mesh bag from the infructescence and covered it with a plastic container (20 by 35 by 55 mm with a 15-mm-diameter opening on the basal part). We then sealed the opening with paper tape and Þxed the container on the basal part of the study infructescences with plastic tape. A female midge that was actively ovipositing on infructescences was collected from nonstudy shrubs in the study population and released into each container. On each study shrub, one female was released at intervals of 2Ð7 d from 3 to 23 June; a total of nine, Þve, and seven females were used on shrubs A, B, and C, respectively. The female midges were allowed to oviposit on the study infructescences for 1 d. We then removed the midges and the plastic containers and covered the infructescences with plastic mesh bags again.
We measured three indicators of gall induction success. First, the gall formation ratio, the proportion of completely galled fruit to oviposited fruit, was measured. Ϸ5 mo after the treatment (29 December); all fruit remaining on the study infructescences were sampled. Of 247 young fruit, 78 (31.6%) had died before sampling. However, only two study infructescences lost all fruit (one from shrub B and one from shrub C). Similar fruit mortality was frequently observed in nonexperimental infructescences (unpublished data). Living fruit were dissected under a binocular microscope. Only fruit with indications of oviposition were considered. These fruit were classiÞed as follows: (1) healthy fruit, which contain no living larvae, (2) completely galled fruit, in which larval chamber(s) were formed and embryo sacs were degenerated, and (3) incompletely galled fruit, which had larval chamber(s), but grown and hardened embryo sacs with differentiated embryos. Ohsaki and Yukawa (1990) found that such incompletely galled fruit abscises from shrubs in the spring, killing the larvae inside. For healthy fruit, we recorded whether they contained exuviae of midge eggs; removal of ovule ( Fig. 1 ) allowed us to inspect all part of the oviposition site. The proportion of completely galled fruit to oviposited fruit (galled fruit, incompletely galled fruit, plus healthy fruit with egg exuviae) was related to the date of adult release, study shrub, and the date ϫ shrub interaction using a logistic regression model (JMP ver. 4.0; SAS Institute 2001) . We also compared the number of larval chambers between completely and incompletely galled fruit using WelchÕs test (JMP ver. 4.0; SAS Institute 2001) .
As other indicators of gall induction success, we measured the number and mean size of larval chambers in completely galled fruit. As the mean size, the volume of the ovule (larval chamber plus embryo sac; Fig. 1 ) minus the embryo sac was divided by the number of the larval chamber in that fruit. The volume of the ovule and the embryo sac were approximated as the length times the squared width. The lengths and widths were measured to the nearest 0.125 mm using an ocular micrometer. To examine trends in the data, three general linear models (GLMs) were developed and compared using AkaikeÕs information criterion (AIC; Akaike 1973): a simple linear model with shrub and date of adult release as independent variables; a quadratic model with the quadratic term of date of adult release as an extra independent variable; and a null model with shrub as an independent variable (JMP ver. 4.0; SAS Institute 2001). If the simple linear or quadratic model showed the best Þt, the AIC was used again to determine whether to add interaction terms between shrub and date of adult release to the model. Resultant models are shown in Þgures.
Results

Phenology of the Host and Midge and Their Synchrony.
In 1999, the entire adult midge emergence season lasted for nearly 20 d, with a clear peak emergence period (Fig. 2) . Before the adult midge emergence season, the ovule of typical young fruit was composed of the thick tissue of the integument, which was the material of larval chambers, and the small (Fig. 2) . At the onset of the midge emergence season, the embryo sac, whose proportional volume was nearly 0%, began to grow, depleting the proportional volume of the integument. In the latter half of the adult season, embryo sac development was greatly accelerated. There was a time lag from oviposition to egg hatching (Ϸ7Ð10 d in this midge, unpublished data; 4 Ð 8 d in typical Cecidomyiidae, Yukawa and Rohfrisch 2005). As a result, the integument changed into thin tissue, and the eggs of midges deposited later in the adult season suffered from a shortage of integument as a resource for the construction of larval chambers. Effect of Oviposition Timing on Gall Induction. We examined the relationship between the timing of oviposition and gall induction success by releasing collected ovipositing females to infructescences bearing young fruit in 2005. The gall formation ratio, an indicator of gall induction success, was higher when the midge was released earlier during the adult midge season, and this trend was almost the same among the three study shrubs ( Fig. 3a; In shrub A, gall induction failure was mainly caused by the induction of incompletely galled fruit (22/30 failures). In the other shrubs, gall induction failure was almost exclusively caused by the formation of healthy fruit (6/6 failures for shrub B, and 7/8 failures for shrub C). The date of adult release did not affect the other indicators of gall induction success, i.e., the number and the size of larval chambers in the completely galled fruit ( Fig. 3b and c) ; AIC indicated that GLM including linear and/or quadratic term of date of adult release (linear and quadratic models) were not signiÞcantly better than that with shrub as the only independent variable (null model). The AIC of linear, quadratic, and null models for the number of larval chambers were 43.7, 45.7, and 41.8, respectively, and those for the sizes of larval chambers were 397.1, 397.1, and 397.0, respectively.
Discussion
End Point of the Phenological Window for Gall Induction by A. aucubae. As Yukawa (2000) pointed out, the adult emergence season of A. aucubae is very short compared with the long persistence time of the host fruit. It is assumed that the short adult season is the result of synchronization of the midge to the phenological window of the host, outside of which the midges are reproductively unsuccessful. We showed the presence of the end point of this window; the integument, the plant tissue in which larval chambers form, begins to rapidly degenerate in the latter half of the adult midge season, forming an apparent end point of the window (Fig. 2) . When the midges infested the host fruit later in the adult season, they were more likely to fail in gall induction (Fig. 3a) . Gall induction success largely decreased around the time of the apparent end point. In 2005, midges succeeded in gall induction in Ͼ80% of the oviposited fruit before 15 June, when 83% of adult midges had emerged. In contrast, after 15 June, midges succeeded in gall induction in Ͻ10% of oviposited fruit.
It has been generally hypothesized, but seldom shown, that the phenological window of the host plant for insect gall induction is deÞned by the lifetime of plant tissue that is reactive to gall induction stimuli (reactive plant tissue; Weis et al. 1988 , Yukawa 2000 . Our results agree with this idea with regard to the end point of the window. First, as mentioned above, the timing of the end point of the window corresponded almost exactly to the onset of the rapid degeneration of reactive plant tissue (i.e., the integument; cf. Figs.  2 and 3a) . Second, a shortage of the integument seemed responsible for gall induction failure after the end point. Proximate mechanisms of gall induction failure are the formation of normal fruit from oviposited fruit, and the formation of incompletely galled fruit (Fig. 4) , which fall to the ground, killing the larvae inside (Ohsaki and Yukawa 1990) . The former indicates that no midges could form larval chambers and died. The latter indicates a shortage in the number of established larval chambers; the incompletely formed galls contained signiÞcantly fewer larval chambers than did completely galled fruit (see also Ohsaki and Yukawa 1990). However, detailed mechanisms of the larval chamber formation failure have yet to be studied.
Start Point of the Phenological Window for Gall Induction. Our results did not support the hypothesis that the reactive plant tissue also deÞnes the start point of the window. Gall induction success did not decrease when midges infested the fruit very early in the adult season (Fig. 3a) , which suggests that the potential start point should be earlier. The earliest attacking midges, however, may suffer from lower Þtness components other than the gall induction success. One possible factor determining the start point is mechanical host defense. Imai and Ohsaki (2004b) revealed that the young fruit of A. japonica have a hard layer of endocarp, which prevents ovipositor insertion by the midge; the endocarp provides protection in the earliest stages of fruit development (see also Imai 2006). The endocarp begins to lose defense functions simultaneously with the onset of the adult midge season, apparently forming an actual start point of the phenological window (unpublished data).
An alternative to this hypothesis is that there are no plant factors deÞning the start point; external environment factors may prevent adult midge activity earlier in the season. First, as inferred for the goldenrodgalling tephritid Eurosta solidaginis Fitch (Diptera; Weis and Abrahamson 1985), low temperatures may prevent adult activity early in the season. This may not be applicable to A. aucubae because adults of many other Asphondylia midges, with almost the same adult traits as A. aucubae (Yukawa et al. 2003) , emerge in much colder seasons, e.g., A. yushimai Yukawa et Uechi in late spring (Yukawa et al. 2003) and A. baca Monzen in late autumn (Yukawa and Ohsaki 1988a) . Second, the availability of adult food does not affect adult activity of A. aucubae because their mouthparts are atrophied (Yukawa and Ohsaki 1988a). Finally, low humidity is the most plausible of the environmental factors; the humidity gradually increases in June in our study district (Japan Meteorological Agency 2006) and affects adult midge longevity when experimentally controlled (Yukawa and Rohfrisch 2005) . However, humidity ßuctuates greatly depending on the weather and the time of day, and midges seem able to cope with this environmental stress without changing their emergence season. For example, on sunny days, adults of A. baca are active only during the night, when the humidity is relatively high, whereas they are active all day long on cloudy days; adults of A. yushimai and Asphondylia spaera Monzen are active during the night (reviewed by Yukawa and Masuda 1996) . Thus, the mechanical defense trait of the host plant is the Fig. 4 . Internal structure of (a) incompletely and (b) completely galled fruit. Incompletely galled fruit contains larval chambers (LC) and a large embryo sac (ES), in which an embryo (E) is differentiated. Completely galled fruit contains larval chambers and a degenerated embryo sac, which is frequently blackened. Scale bar ϭ 1 cm. most plausible factor determining the start point of the window in the A. aucubae system, followed by humidity and temperature, although further study is required to more precisely examine these alternative hypotheses.
